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Abstract (250 words max}

Most corn (Zea mays) seeds planted in the US in recent years are coated with a seed treatment
containing one of two neonicotinoid insecticides: clothianidin and thiamethoxam. Abrasion of
the seed coating generates insecticide-laden dust that disperses through the landscape during corn
planting and has resulted in a number of ‘bee-kill” incidents in North America and Europe. For
three years we documented the presence of corn seed treatment insecticides in bee-collected
pollen and elevelated honey bee mortality during com planting in central Ohio, a landscape ! Commented IM1]: clovated
dominated by comn agriculture. In 2015 honey bee colonies were tracked at ten sites representing
a gradient in corn agricultural intensity and it was found that total pollen contamination with

seed treatment neonicotinoids was positively correlated with com area. Additionally we

conducted a semi-field experiment small colonies experienced a significant increase in worker ! Commented [IM2]: Necds  transition, such as, “in
mortality when fed contaminated pollen collected during comn planting. Despite the clear acute | which”.

effects on honey bee worker survival during corn planting we did not observe significant effects

of seed treatment neonicotinoid exposure on brood production, food storage, or winter survival

of the colonies in the subsequent year. The lack of long-term colony-level effect may be

explained by the low persistence of insecticide residues in stored pollen and the potential

confounding effect of abundant late-season forage in Ohio’s agricultural landscape. Exposure to

seed treatment neonicotineids during corn planting has clear short-term detrimental effects on

honey bee colonies being kept in corn growing areas and has the potential to seriously affect the

economic viability of beekeeping operations that are dependent on maximizing honey bee

populations in the springtime.

Keywords: clothianidin, thiamethoxam, Apis mellifera, Zea mays, dust, pollinator, seed
treatment, planting, talc

Introduction
It is estimated that 90% of corn (Zea mays) in the United States is grown from seed
treated with neonicotinoid insecticides. The predominant neonicotinoids used in corn seed
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treatments are clothianidin (Poncho®) and thiamethoxam (Cruiser®) at rates between 0.25 and
1.25 mg per seed (Douglas and Tooker 2015). Assuming a seeding rate of 54,340 — 81,510 seeds

per hectare (Thomison 2015), up to 100 g/hectare of insecticide active ingredients are applied to
sown fields each year. These broad spectrum insecticides are highly toxic to many insects,
including honey bees (Apis mellifera 1), to which they are lethal in nanogram quantities (as low
as 0.003 pg/bee for oral 1L.Dsg and 0.02 pg/bee for contact LDsg over 48 hr) (Decourtye and
Devillers 2010, Laurino et al. 2013).

A link between observations of honey bee mortality and the planting of neonicotinoid-
treated corn was suspected as early as the late 1990s, when researchers in Italy noted a rise in
colony damage reports coinciding with spring corn planting (Bortolotti et al. 2009). In
subsequent years, similar patterns of honey bee mortality were observed in [taly (Schnier et al.
2003, Greatti et al. 2006, Bortolotti et al. 2009), France (Giffard and Dupont 2009), and Slovenia
(Alix et al. 2009, van der Geest 2012, Zabar et al. 2012). In 2008, a large-scale bee kill in
Germany and neighboring parts of France was attributed to the planting of neonicotinoid-treated
com after an extensive investigation found neonicotinoid residues in dead bees, bee bread, and
plant samples collected from the affected area (Forster 2009, Nikolakis et al. 2009, Pistorius et
al. 2009, Chauzat et al. 2010). Since then, additional incidents of honey bee mortality during
corn planting have been reported in Slovenia and neighboring Hungary (van der Geest 2012), the
United States (Krupke etal. 2012; L. Keller, personal communication, 2016) and Canada (Health
Canada 2013).

While these reports clearly establish a link between honey bee mortality and the planting
of corn with a neonicotinoid seed treatment, the route through which bees are exposed to lethal
levels of seed treatment insecticide is difficult to ascertain. During the planting process, seed
treatment material sloughs off the seed surface in small particles that are available to disperse in
the environment (Fig. 1). Bees may encounter these particles as dust deposited on flowers
(Krupke et al. 2012), nectar and pollen contamination via uptake from the soil (Long and Krupke
2016), contamination of surface water (Samson-Robert et al. 2014; Schaafsma et al. 2015),
contamination of guttation fluids (Tapparo et al. 2011), and in-flight contact with aerial dust
(Girolami et al. 2012). Soil containing insecticides residues left over from previous years of
planting may also become airborne during planting and contribute to bee exposure during this
period (Forero et al. 2017). While each of these routes may contribute to honey bee exposure,
identifying the most significant route or routes is crucial for designing mitigation strategies.

To better understand the association between com planting, neonicotinoid residues in
honey bee-collected pollen, and honey bee mortality, we conducted a three-year field study
(2013 - 2015) in Ohio, one of largest cormn-growing states in the United States. Each year, we
measured worker mortality and pesticide contamination of bee-collected pollen prior to, during,
and after corn planting.

In 2015, we analyzed neonicotinoid residues in nectar and pollen at 10 apiary locations
across a gradient of corn-planting intensity. Colony development was monitored throughout the
summer and after the following winter. Additionally, a semi-field experiment was conducted in
which small colonies were provisioned with insecticide-faden pollen collected by honey bees
during comn planting to determine the effect of pollen consumption on bee mortality.

Results

Worker bee mortality
Increased numbers of dead bees at hive entrances were consistently observed around the time
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when corn was being planted. The daily worker mortality index, calculated from dead bees
counted at the hive entrance and standardized by month-average mortality of the colony (see Eq.
1 in Methods), was significantly and consistently higher during corn planting than the non-
planting periods for the same colonies for all years (2-tailed paired t-test comparing mortality of
the same colony averaged during planting vs. non-planting periods; 2013:t=2.79,df =11, P =
0.0175; 2014: t=3.02, df = 23, P=0.0061; 2015: t = 10.25, df = 37, P < 0.0001) (Fig. 2a).
Additionally, mortality during corn planting was consistently greater than zero (the expected
value if the variation in standardized mortality index is random) for all years (Fig. 2a), indicating
the association between the elevated mortality observed and corn-planting.

Pollen contamination

Analysis of pollen samples showed that clothianidin and thiamethoxam, the insecticides present
in corn seed treatments, were consistently the most abundant neonicotinoid insecticides detected
in bee-collected pollen in all years of our study and the detection of these compounds occurred
more frequently (Fisher’s Exact Test, P < 0.0001) and at higher concentrations during corn
planting periods (Table 1, Fig. 2b). Neonicotinoid insecticides that are not used for corn seed
treatments, but applied to other crops in Ohio (imidacloprid, nitenpyram, dinotefuran, and
thiacloprid) were detected in pollen samples, but the timing of detection for other neonicotinoids
was not related to corn-planting (Supplemental Material S2).

The relationship between neonicotinoid concentration in pollen and the area of corn grown
within the 2km foraging range was evaluated for 10 apiary sites studied in 2015. During comn
planting, pollen collected from sites with more surrounding cornfields contained higher
concentrations of clothianidin (Pearson’s r= 0.65, P = 0.040) and thiamethoxam (r=0.62, P =
0.056). The sum concentration of clothianidin and thiamethoxam together was significantly
correlated with cornfield area (r = 0.68, P = 0.030). No correlation between cornfield area and
clothianidin or thiamethoxam concentrations were detected outside the planting period (P > 0.4).

Relationship between pollen neonicotinoid concentration and worker mortality

Worker mortality was consistently higher on dates when clothianidin and thiamethoxam were
present in pollen samples (Fig. 2¢) although the difference was only statistically significant in
2014 and 2015 when more colonies were monitored (2-tailed paired t-test; 2013: t=2.13, df =
11, P =0.0565; 2014: t = 3.82, df = 23, P = 0.0009; 2015: t = 8.13, df = 33, P < 0.0001). To
determine if there was any interactive effect between insecticide exposure and cornfield area in
the landscape, we further tested for correlations between the number of dead bees and
clothianidin and thiamethoxam concentrations in pollen on the same sampling dates for each
apiary along a gradient of corn intensity in 2015. Positive correlations between the insecticide
concentrations and mortality were detected at sites with more corn fields (> 30% within 2-km
radius from the apiary) in the surrounding landscape (Table 2).

Insecticide residues in in-hive samples

In 2015, we analyzed stored pollen and nectar for corn seed treatment insecticides taken from
inside honey bee colonies. Honey and pollen were sampled from combs in two colonies at seven
apiaries (DS, SC, IB, HR, TV, BG, MM) at four separate time points (before planting, during
planting, post-planting, and two weeks post-planting). The total clothianidin and thiamethoxam
concentrations in bee bread were generally low before planting (< 13.5 ng/g, mean 4.0 ng/g;
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Supplemental Material 82). The levels increased in samples collected during com-planting
(4.8 - 42.3 ng/g, mean 21.6 ng/g) and immediately post-planting (4.5 - 60.8 ng/g, mean 23.6
ng/g). Total clothianidin and thiamethoxam concentrations in stored pollen collected two weeks
after planting returned to a lower level (< 11.6 ng/g) except for a sample collected at TV (35.76
ng/g), averaging at 11.6 ng/g for this sampling time. Mean concentrations differed significantly
among samping times (one-way ANOVA F 24y = 3.23, P = 0.04) with the lowest concentration
level in bee bread sampled before planting.

Neonicotinoid concentrations for in-hive stored pollen were were compared with concentrations
detected in corbicular pollen trapped at the entrance of the same hive for the four sampling
periods. A significant correlation between the two was detected immediately post-planting (r =
0.87, P = 0.0098) but not in other sampling periods (Fig. 3).

Concentrations of clothianidin and thiamethoxam in honey were low (< 0.76 ng/g total
neonicotinoid), though there were more positive detections for honey sampled during and after
com-planting, the mean values did significantly differ across sampling time.

Closed nuc experiments

To test for a direct association between clothianidin and thiamethoxam contamination of pollen
and worker mortality, we conducted a semi-field experiment where small honey bee colonies,
enclosed in nucleus hive equipment and denied the ability to freely forage, were fed with
corbicular pollen collected from our study apiaries in 2015 around corn planting and
contaminated with known concentrations of clothianidin and thiamethoxam. An increase in
worker mortality correlated with the total concentration of clothianidin and thiamethoxam in
pollen was observed over four days (Pearson’s r = 0.81, P < 0.0001; Fig. 4).

Post-planting colony development.
To address the question of whether seed treatment neonicotinoid exposure in May had long term
consequences for colony growth, we tracked six hive health metrics (adult bees, pollen stores,
nectar stores, open brood, and capped brood, measured by frame area) at four time points (April,
May, June, and August) in 2015. Neonicotinoid exposure in May was correlated with a reduction
in the relative population growth of the hive (as measured by area of bees and seams of bees)
over the earliest time interval (late April to late May; area of bees: t = -3.61, P = 0.01; seams of
bees: t=-2.50, P = 0.04). However, there may have been a recovery in the second time interval,
from late May to late June, as hives exposed to greater neonicotinoid levels in May had a larger
increase in adult bee population during this time (for seams of bees only; t = 2.47, P = 0.04).
Finally, in the third time interval, from late June to early August, hives located in areas where
neonicotinoid exposure during planting was greatest had more stored pollen (t = 3.35, P = 0.01).
Area of cornfield surrounding apiaries was also positively correlated with increases in stored
pollen (Pearson’s r = 0.79, P = 0.007) and honey (r = 0.68, P = 0.03) during the summer period.
Of the 38 colonies monitored, one colony died in late summer and three were relocated to
another location and were excluded from monitoring over winter. A total of 34 colonies were
prepared for overwintering at the end of September 2015 and 31 of those colonies (91%) were
still alive at the end of March, 2016, although one of the surviving colonies was queenless. No
significant correlation was observed between survival over winter and the level of corn seed
treatment neonicotinoids in pollen or percent corn area in the surrounding landscape across the
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10 apiaries (Spearman’s rank correlation tests, P > 0.36 for all tests).

Discussion

Mortality, exposure, and corn planting

For three years, we consistently observed elevated mortality in adult honey bee workers during
com planting. This pattern of mortality coincided with our finding that clothianidin and
thiamethoxam, the insecticidal component in corn seed treatment, were detected more frequently
and at higher concentrations in pollen collected by honey bees during corn planting.
Additionally, our study showed that seed treatment insecticides can consistently be detected in
bee-collected pollen during planting, indicating that the release of seed treatment particles during
com planting is ubiquitous and that released particles are subject to aerial transport, in agreement
with previous studies (Krupke et al. 2012, Schaatsma et al. 2015).

Together, these lines of evidence strongly indicate a causal connection between elevated honey
bee mortality and seed treatment insecticides emitted during planting. This conclusion is farther
corroborated by recent work in Italy, where reports of honey bee mortality during corn planting
have decreased significantly since the suspension of use of neonicotinoid seed treatments in corn
(Sgolastra et al. 2017). Nevertheless, the level of mortality observed in our study was not
sufficient to cause detectable long-term impacts on colony health. To the contrary, com area was
associated with more pollen and honey accumulation by colonies later in the summer. This
observation may be associated with food sources such as clover and other summer wildflowers
that thrive in roadsides and field margins, and with the flowering of soybean, which is often
planted in rotation with corn, and which may serve as a nectar source for honey bees
(Vanderlinden 1981, Sponsler and Johnson 2015, Sponsler et al. 2017).

One inconsistency must be considered, though. The concentrations of neonicotinoid insecticides
detected in pollen samples were below those that would be expected to cause acute mortality, yet
adult mortality was observed in free-flying colonies observed during corn planting and in
confined colonies fed pollen collected during corn planting. Based on a range of acute oral
1L.D50s for adult workers of 1.11 - 6.76 ng/bee (Laurino et al. 2013) and predicted pollen
consumption of nurse bees 6.5 mg/bee/day (Rortais et al. 2005), substantial mortality would only
be expected at concentrations greater than 171 pg/kg in pollen. However, neonicotinoid residues
detected in bulk pollen samples may not meaningfully reflect doses received by individual bees
(Sponsler and Johnson 2017). For example, a bulk pollen concentration of 20 pg/kg clothianidin
could reflect a uniform distribution of insecticide or it could reflect a skewed distribution in
which one or a few pollen pellets carry very high concentrations while the rest of the pollen is
relatively uncontaminated. These two distributions would have the same mean concentration,
but would result in different effects on the colony. Given the observed pattern of mortality we
can infer that neonicotinoid contamination is not evenly distributed throughout all pollen since
an increase in bee mortality is reliably observed.

Post-planting colony development

Although we found strong evidence associating the surge in honey bee worker mortality with the
exposure to corn seed treatment insecticides emitted as planter dust during planting, we did not
detect negative long-term impacts on colony growth or survival over winter. The observed lack
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of long-term effects at the colony level may be explained by the dynamics of clothianidin and
thiamethoxam once these compounds had entered the hives. While high levels were detected in
bee bread and honey sampled immediately after com planting, levels in bee bread and honey
declined to the pre-planting level the following week for most sites. Contaminated food stored
inside the hives were likely consumed or diluted to lower concentration as uncontaminated
pollen and nectar were brought in after planting.

The sub-lethal effects of the exposure remain unclear and require further investigation. The
sudden loss of adult bees occurred at a critical time when colony populations were building up
for early-summer honey production and smaller colonies may not be able to recover from the
loss (Khoury et al. 2013). Beekeepers that depend on early spring buildup to make splits and sell
nucleus colonies could be especially hard hit by a loss of bees during corn planting. Exposure to
neonicotinoids during corn planting could affect queen quality as the planting season coincides
with queens rearing for the swarm season (Tsvetkov et al. 2017). Clothianidin and thiamethoxam
can also affect honey bee’s immunity against viral diseases (Di Prisco et al. 2013) or reduce
survival when colonies are under nutritional stress (Tosi et al. 2017).

Conclusion

Our study confirms that seed treatment insecticides are released during corn planting and
that these insecticides contaminate pollen collected by bees. Honey bee colonies experience
clevated adult mortality due to seed treatment insecticide exposure. The level of mortality we
observed, however, was not sufficient to cause detectable long-term effects on colony health,
though long-term health effects were likely confounded by the positive eftects of the agricultural
landscapes on colonies over the summer.

Methods

Study sites

A total of 13 apiaries located throughout the corn-growing region of central Ohio were
monitored prior to, during, and after corn-sowing from late-April to end of May in 2013 (3
apiaries), 2014 (6 apiaries) and 2015 (10 apiaries). Four apiaries were studied in multiple years
(Supplemental Material S1). Apiaries were located at least 4 km from each other and were
selected to represent a range of agricultural intensity, including one suburban apiary in 2015,
with minimal corn agriculture within foraging range. Apiaries consisted of between 4 - 20
colonies. Two to four healthy, actively foraging colonies, varying in sizes and queen ages, were
monitored for worker mortality (see Supplemental Material S2 for colony information). All
colonies were housed 1n eight- or ten-framed Langstroth hives.

The timing of corn sowing activity was identified through direct observation of planting activity
near apiary sites and communication with farmers, and were in line with state-wide agricultural
statistics for each year (“USDA - National Agricultural Statistics Service” n.d.). The bulk of
sowing activity in this region occurred between May 5 — 16 in 2013, May 5 — 10 in 2014, and
May 2 — 8 in 2015. Less intensive com planting continued beyond this period in all years, but
was particularly drawn out in 2014 when high rainfall resulted in planting and re-planting
through the end of May.
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Landscape characterization

The landscape surrounding each apiary was characterized within a 2-km radius around the
apiary. Visual ground-truthing supplemented by satellite imagery (Google Openl.ayers), was
used to classify landscapes into crop field, forest, treeline, herbaceous strips in field margins and
roadsides, and residential lots. Crop type was determined by a second visual inspection in early
summer and the USDA crop data layer (USDA-NASS-RDD n.d.). All landscape data were
analyzed and visualized using QGIS software (QGIS Development Team 2015). Immediately
prior to corn planting, each agricultural field was visually assessed to determine the abundance
of in-field flowering weeds and scored as “abundant”, “sparse”, or “absent”.

Apiaries in 2013 and 2014 were surrounded by a high proportion of corn fields within 2
km of the apiaries, ranging from 31 — 45% com in 2013 and 21 — 51 % in 2014. In 2015, a wider
gradient of corn area was in the foraging range, 0 - 49% corm.

Worker bee mortality
Under-basket style dead bee traps (102x51x15 cm; (Human et al. 2013) were placed in front of

each colonies being monitored. Dead bees in traps were counted and removed every 2 —4 days, .- Commented [IM5]: Replace with cither “each solony”

starting in late April each year, approximately one week before corn planting, untit 1 - 2 weeks o *colones”
after planting activities had ceased. Averaged number of dead bees per day was calculated for

each sampling interval as the number of dead bees in the trap divided by number of days elapsed

since the last sampling. Because large colonies eject more dead bees than small colonies, we

converted the daily dead bees count for each hive to a mortality index, denoted by M, using the

following formula:

M, = (Ni— No/N, Eq. 1

where

N is the number of dead bees per day on a given date /

N, the average number of bees per day for a colony collected over the entire sampling
period

The standardized mortality, A4; is the difference between daily mortality and the overall mortality
for a given colony over the sampling period. If mortality is consistent throughout the sampling
period, then A is expected to be zero. To compare bee mortality between planting and non-
planting periods, we took the means of A values for each hive during planting and non-planting
periods respectively. Each hive has two values representing mortality during the planting and
non-planting periods respectively. Paired-sample t-tests were performed to compare mean
mortality of the same hives during planting vs. non-planting periods. A separate analysis was
performed for each year.

Sampling and pesticide screening

Incoming corbicular pollen was collected for pesticide screening from bees returning to two
strong colonies in each apiary using bottom-mounted pollen traps (Sundance I, Ross Rounds,
Inc.). Pollen was collected every 2-4 days, pooled by site and date and stored at -20 °C until
further analyses. In 2015 additional samples were collected for pesticide screening, including:
dead bees from dead bee traps and in-hive samples of bee bread, honey, larvae, and live nurse
bees. In-hive samples were collected from two queen-right, overwintered colonies at seven
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sapiaries (DS, SC, BG, HR, TV, MM, Supplemental Materials S2). The in-hive samples were
collected during four sampling periods: before planting (April 27 - 30), during planting (May 5 -
7), immediately after planting (May 12 - 13), and two weeks after planting (May 20 - 22).

Honey and bee bread were collected from uncapped cells peripheral to the brood area where bees
were actively depositing food. Nurse bees on the brood area and 25 - 30 late-stage larvae in open
cells were collected from each hive. In-hive samples were pooled by apiaries and stored at -20
°C until further analyses.

Five grams of pollen from each site and sampling date were extracted using a modified
QuECHERS protocol for 2013 - 2014 samples (Camino-Sanchez et al. 2010). Samples from
2015 were extracted following a method by Yafier etal (2014) except ethyl acetate was used

instead of dichloromethane. In all years extracts were analyzed for neonicotinoid insecticides
(clothianidin, thiamethoxam and imidacloprid) using liquid chromatography tandem mass
spectrometry (LC-MS-MS) methods. Analysis was performed by the USDA-AMS lab in
Gastonia, North Carolina (2013 - 2014 samples) and EPA National Exposure Research
Laboratory in Athens, Georgia (2015 samples). All residues were reported as mass-mass
concentration (pg/kg).

Statistical analyses

Mortality and pollen contamination associated with planting

At the colony level, paired t-tests were performed to compare mortality with-in averaged during
planting vs. non-planting periods within the same colonies. The same tests were also performed
to compare mortality of the same colonies recorded on dates with vs. without detectable
clothianidin and thiamethoxam residues in pollen.

Non-parametric Fisher’s Exact tests were performed to compare the frequency of positive
detection of clothianidin and thiamethoxam residues in pollen collected during planting vs. non-
planting periods. T-test assuming unequal variance was performed to compare clothianidin and
thiamethoxam concentrations in pollen collected at each apiary during planting vs. non-planting
periods.

Association between mortality and pollen contamination

Non-parametric Fisher’s Exact Tests were performed to test the hypothesis that mortality was
higher on dates when detectable levels of clothianidin and thiamethoxam were present in pollen.
Pairwise correlation between mortality and clothianidin and thiamethoxam concentration in
pollen collected on the same sampling dates was evaluated for each site.

In-hive samples

The averaged concentration of clothianidin and thiamethoxam in corbicular pollen trapped
during the week prior to each in-hive sample collection were calculated. Pairwise correlations
between the averaged concentrations in corbicular pollen and bee bread were analyzed separately
for each sampling date.

Closed colony experiments
To test the link between insecticide contaminants in pollen and worker mortality, we conducted
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an experiment where enclosed honey bee colonies were fed with corbicular pollen collected from
the study apiaries during corn planting. The colonies were confined in Bee Brief Nuc boxes
(NOD Apiary Products, Frankford, Ontario, Canada), each containing a pollen feeder frame and
two frames with drawn wax combs, one of which had approximately 100 cm? of capped brood
for stabilizing the colony, one frame of nurse bees, and a laying queen that was 3 - 5 weeks post-
mating. The equipment was weighed prior to adding bees and again after bees were shaken into
the box to obtain the net weight bees per colony. Two hundred grams of corbicular pollen were
pushed into two 96-well cell culture plates (Biotix #AP-0350-9CU, San Diego, California)
affixed to the pollen feeder frame. Treatments were selected from the different apiaries to
include a wide range of concentration of naturally contaminated clothianidin and thiamethoxam.
Fresh sugar syrup (50% w/w) was provided liberally. A total of four trials with 4 - 7 colonies
were performed (20 colonies total). Each trial also contained a “positive control” treatment of
which a relatively clean pollen sample (< 10 ppb) was spiked with of clothianidin; The colonies
were enclosed and kept in a dark room with average daily high temperature of 24.4 °C (daytime)
and low temperature of 19.5 °C (nighttime) for 96 hours. Then, dead bees in the box were
counted and the plates were weighed to estimate how much pollen was consumed. Five grams of
pollen were sampled for pesticide analysis. Pearson’s correlations were performed to evaluate
the association between the number of dead bees and neonicotinoid concentrations. Two of the
colonies contained less than 100 g of bees and were excluded from the analysis.

Post-planting colony growth

To address the question of whether exposure to corn seed treatment insecticides in May is linked
to long-term consequences in colony growth, we tracked the colonies from April 2015 through
February 2016, Four detailed colony inspections were performed using a modified Liebfelder
method (Delaplane et al. 2013) on April 28 — 30 (before planting), May 20 — 22 (after planting),
June 19 - 24, and August 14 - 19. During the inspection each frame was removed from the
monitored colonies to record the area of coverage with the following components: adult bees,
brood (open and capped), pollen, and honey. Additionally, the total adult bee population was
estimated by looking up and down frame spaces to estimate “seams” of bees. All colonies were
managed using standard beekeeping practices. Varroa mites were controlled by applying formic
acid (Mite Away Quick Strip, NOD Apiary Products) in June and vaporized oxalic acid in
November. Plain baker’s fondant (Dawn Food Products, Inc., Jackson, MI, USA) and Dadant
AP23 winter patties (Dandant & Sons Inc., Hamilton, IL, USA) were fed to the colonies, as
needed, through the winter.

We examined whether the relative change in each colony variable through time was associated
with neonic concentrations measured in pollen in May. Relative change for each variable was
calculated as:

Relative chonge (%) = % * 100

We considered each interval between inspection dates, as well as the interval between the first
and last inspections. To determine whether neonic loads in pollen were significantly associated
with colony growth through time, we constructed linear regression models with relative change
as the response and mean clothianidin and thiamethoxam concentrations in pollen in May as the
predictor. We also included the relative change in colony pollen coverage over the same time
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interval as a covariate, to account for the potential that the negative effects of neonic exposure
could be partially offset by the positive effects increased food supply. If the pollen change

covariate was not a significant predictor, we dropped the term and refit the model.
Acknowledgements

The authors are grateful to Isaac Barnes at Honeyrun Farm, Phil Young, Tom and Fran
Davidson, and Eric Percel for providing access to colonies and apiary sites; Joe Latshaw at
Latshaw Apiaries for providing queen cells and Nate Douridas, Joe Davlin, and Brian Phelp for
permission to install colonies near crop fields and providing the time information of planting
activities. , Pam. . .. for assistance with apiary sites. We also thank Alison Sankey, Meghan

Blackson, Sreelakshmi Suresh, Emma Matcham, Evan Oltmanns, Lienne Sethna, Jordan Rose,
Howard Rogers, Juan Quijia-Pillajo, Natalia Riusech, Michael Wransky, and Galen Cobb for
field assistance and sample processing. ... for review comments. This stady was funded by the
Pollinator Partnership Corn Dust Research Consortium and US EPA RARE (Contract #
EP12W000097).

References

Alix, A., C. Vergnet, and T. Mercier. 2009. Risks to bees from dusts emitted at sowing of coated
seeds: concerns, risk assessment and risk management. Hazards of pesticides to bees -
10th International Symposium of the ICP-Bee Protection Group:131-132.

Bortolotti, L., A. G. Sabatini, F. Mutinelli, M. Astuti, A. Lavazza, Piro Roberto, D. Tesoriero, P.
Medrzycki, F. Sgolastra, and C. Porrini. 2009. Spring honey bee losses in Italy. Julius-
Kihn-Archiv 423:148-152.

Camino-Sanchez, F. J., A. Zafra-Gomez, B. Oliver-Rodriguez, O. Ballesteros, A. Navalon, G.
Crovetto, and J. L. Vilchez. 2010. UNE-EN ISO/IEC 17025:2005-accredited method for
the determination of pesticide residues in fruit and vegetable samples by LC-MS/MS.
Food Additives and Contaminants Part a-Chemistry Analysis Control Exposure & Risk
Assessment 27:1532-1544.

Chauzat, M.-P., A.-C. Martel, P. Blanchard, M.-C. Clément, F. Schurr, C. Lair, M. Ribiére, K.
Wallner, P. Rosenkranz, and J.-P. Faucon. 2010. A case report of a honey bee colony
poisoning incident in France. Journal of Apicultural Research 49:113-115.

Decourtye, A., and J. Devillers. 2010. Ecotoxicity of neonicotinoid insecticides to bees. Pages
85-95 in S. H. Thany, editor. Insect Nicotinic Acetylcholine Receptors. Advances in
Experimental Medicine and Biology, vol 683. Springer, New York, NY.

Delaplane, K. S., J. van der Steen, and E. Guzman-Novoa. 2013. Standard methods for
estimating strength parameters of Apis mellifera colonies. Journal of Apicultural
Research 52.

Di Prisco, G., V. Cavaliere, D. Annoscia, P. Varricchio, E. Caprio, F. Nazzi, G. Gargiulo, and F.
Pennacchio. 2013. Neonicotinoid clothianidin adversely affects insect immunity and
promotes replication of a viral pathogen in honey bees. Proceedings of the National
Academy of Sciences.

Douglas, M. R., and J. F. Tooker. 2015. Large-scale deployment of seed treatments has driven
rapid increase in use of neonicotinoid insecticides and preemptive pest management in
U.S. field crops. Environmental Science and Technology 49:5088-5097.

Forster, R. 2009. Bee poisoning caused by insecticidal seed treatment of maize in Germany in

[PAGE]

e Commented [JM10L % effectsofincreased.

1 Commented [11]: who s this?

ED_002289_00002787-00010



2008. Julius-Kithn-Archiv:S-126.

Giffard, H., and T. Dupont. 2009. A methodology to assess the impact on bees of dust from
coated seeds. Julius-Kiithn-Archiv 423:73-75.

Girolami, V., M. Marzaro, L. Vivan, L. Mazzon, C. Giorio, D. Marton, and A. Tapparo. 2013.
Aerial powdering of bees inside mobile cages and the extent of neonicotinoid cloud
surrounding corn drillers. Journal of Applied Entomology 137:35-44.

Goulson, D. 2013. An overview of the environmental risks posed by neonicotinoid insecticides.
Journal of Applied Ecology 50:977-987.

Greatti, M., R. Barbattini, A. Stravisi, A. G. Sabatini, and S. Rossi. 2006. Presence of the a.i.
imidacloprid on vegetation near comn fields sown with Gaucho((R)) dressed seeds.
Bulletin of Insectology 59:99-103.

Health Canada. 2013. Evaluation of Canadian bee mortalities that coincided with corn planting
in spring 2012.

Human, H., R. Brodschneider, V. Dietemann, G. Dively, J. D. Ellis, E. Forsgren, I. Fries, F.
Hatjina, F. L. Hu, R. Jaffe, A. B. Jensen, A. Kohler, J. P. Magyar, A. Ozkyrym, C. W. W.
Pirk, R. Rose, U. Strauss, G. Tanner, D. R. Tarpy, J. J. M. van der Steen, A. Vaudo, F.
Vejsnaes, J. Wilde, G. R. Williams, and H. Q. Zheng. 2013. Miscellaneous standard
methods for Apis mellifera research. Journal of Apicultural Research 52.

Khoury, D. S., A. B. Barron, and M. R. Myerscough. 2013. Modelling Food and Population
Dynamics in Honey Bee Colonies. Plos One 8.

Krupke, C. H., G. J. Hunt, B. D. Eitzer, G. Andino, and K. Given. 2012. Multiple routes of
pesticide exposure for honey bees living near agricultural fields. Plos One 7.

Krupke, C. H., and E. Y. Long. 2015. Intersections between neonicotinoid seed treatments and
honey bees. Current Opinion in Insect Science 10:8-13.

Laurino, D., A. Manino, A. Patetta, and M. Porporato. 2013. Toxicity of neonicotinoid
insecticides on different honey bee genotypes. Bulletin of Insectology 66:119-126.

Nikolakis, A., A. Chapple, R. Friessleben, P. Neumann, T. Schad, R. Schmuck, H.-F. Schnier,
H.-J. Schnorbach, R. Schoning, and C. Maus. 2009. An effective risk management
approach to prevent bee damage due to the emission of abraded seed treatment particles
during sowing of seeds treated with bee toxic insecticides. 10th International Symposium
of the ICP-Bee Protection Group:S-132.

Pistorius, I., G. Bischoff, U. Heimback, and M. Stahler. 2009. Bee poisoning incidents in
Germany in spring 2008 caused by abrasion of active substance from treated seeds during
sowing of maize. Pages 118-126. Julius-Kuhn-Archiv.

R Core Team. 2015. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rortais, A., G. Amold, M. P. Halm, and F. Touffet-Briens. 2005. Modes of honeybees exposure
to systemic insecticides: estimated amounts of contaminated pollen and nectar consumed
by ditferent categories of bees. Apidologie 36:71-83.

Schaafsma, A., V. Limay-Rios, T. Baute, J. Smith, and Y. Xue. 2015. Neonicotinoid insecticide
residues in surface water and soil associated with commercial maize (com) fields in
southwestern Ontario. Plos One 10:e0118139.

Schnier, H. F., G. Wenig, F. Laubert, V. Simon, and R. Schmuck. 2003. Honey bee safety of
imidacloprid cormn seed treatment. Bulletin of Insectology 56:73-75.

Sgolastra, F., C. Porrini, S. Maini, L. Bortolotti, P. Medrzycki, F. Mutinelli, and M. Lodesani.
2017. Healthy honey bees and sustainable maize production:

[PAGE]

ED_002289_00002787-00011



why not? Bulletin of Insectology 70:156-160.

Sponsler, D. B, and R. M. Johnson. 2015. Honey bee success predicted by landscape
composition in Ohio, USA. PeerJ 3:¢838.

Sponsler, D. B, and R. M. Johnson. 2017. Mechanistic modeling of pesticide exposure: The
missing keystone of honey bee toxicology. Environmental Toxicology and Chemistry
36:871-881.

Sponsler, D. B., E. G. Matcham, C.-H. Lin, J. L. Lanterman, and R. M. Johnson. 2017. Spatial
and taxonomic patterns of honey bee foraging: A choice test between urban and
agricultural landscapes. Journal of Urban Ecology 3:juw008-juw008.

Tapparo, A., D. Marton, C. Giorio, A. Zanella, L. Soldv +, M. Marzaro, 1. Vivan, and V.
Girolami. 2012. Assessment of the environmental exposure of honeybees to particulate
matter containing neonicotinoid insecticides coming from com coated seeds. Environ.
Sci. Technol. 46:2592-2599.

Thomison, P. 2015. Getting your corn crop off to a good start in 2015. C.O.R.N. Newsletter.
Ohio State University Extension Agronomic Crops Network, URL:
https://agcrops.osu.edu/newsletter/com-newsletter/201 5-08/getting-your-corm-crop-good-
start-20135.

Tost, S., J. C. Nieh, F. Sgolastra, R. Cabbri, and P. Medrzycki. 2017. Neonicotinoid pesticides
and nutritional stress synergistically reduce survival in honey bees. Proc Biol Sci 284.

Tsvetkov, N., O. Samson-Robert, K. Sood, H. S. Patel, D. A. Malena, P. H. Gajiwala, P.
Maciukiewicz, V. Fournier, and A. Zayed. 2017. Chronic exposure to neonicotinoids
reduces honey bee health near corn crops. Science 356:1395-1397.

van der Geest, B. 2012. Bee poisoning incidents in the Pomurje region of Eastern Slovenia in
2011 Julius-Kithn-Archiv 437:124.

Zabar, R., T. Komel, J. Fabjan, M. B. Kralj, and P. Trebse. 2012. Photocatalytic degradation with
immobilised TiO(2) of three selected neonicotinoid insecticides: imidacloprid,
thiamethoxam and clothianidin. Chemosphere 8§9:293-301.

[PAGE]

ED_002289_00002787-00012



Table 1. Clothianidin & thiamethoxam in pollen
Frequency of positive detections (Det./n, n = total number of samples) of clothianidin and thiamethoxam residues,
and range of concentration when detected, in bee-collected pollen. T-tests assuming unequal variance were

performed to compare the means of planting vs. non-planting periods.

Det./n, range (ug/'kg) Meanzse (ng/kg)
Year | Residues Planting Non-planting | Planting Non-planting | t-test
2013 Clothianidin 12/12(100%) | 2/18 (11%) 16.63 +2.96 | 0.57+0.40 t=15.38,df =11
4.8-353 3.9-69 P = 0.0002
Thiamethoxam | 8/12 (67%) 1/18 (6%) 3.67 +1.01 0.12+0.12 t=3.50,df =11
1.6-9.1 2.2 P =0.0048
Total 12/12(100%) | 3/18 (17%) 20.3+3.75 | 0.69+0.41 t=35.19,df = 11
4.8-446 22-63 P = 0.6003
2014 Clothianidin 5/18 (28%) 0/55 (0%) 4.15 + 1.64 0 t=2.53,df=17
12.0 - 184 N/A P=0.0219
Thiamethoxam | 5/18 (28%) 0/55 (0%) 1.94 +0.78 0 t=249,df=17
5.6-93 N/A P =0.6233
Total 8/18 (44%) 0/55 (0%) 6.09 +1.89 0 t=3.24,df =17
5.6-21.1 N/A P =0.0048
2015 Clothianidin 40/40 (100%) | 23/50 (46%) | 15.15+2.67 | 1.65+0.33 t=35.02,df =40
2.2-919 1.2-8.0 P <0.0001
Thiamethoxam | 36/40 (90%) 24/50 (48%) | 6.07 +1.39 1.73 +0.42 t=3.41,df =46
1.4-46.5 1.1-144 P =0.0013
Total 40/40 (100%) | 31/50 (62%) | 21.86+3.78 | 3.39+0.60 t=4.82, df = 41
3.6-- 1384 1.2-17.4 P <0.0001
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Table 2. Interactive effect of site & pollen insecticide concentrations on mortality

Summary of Pearson’s correlation test between same-day data of worker mortality and
neonicotinoid (clothianidin and thiamethoxam) concentrations in bee-collected pollen for
the apiaries monitored in 2015. Sites are presented in the order of corn area (in %) within
a 2 km radius centering the apiary.

Site % corn

DS 1 0.5358 0.1371
SD 8 0.4702 0.2015
MB 19 0.435 0.2419
BR 22 0.313 0.4121
1B 22 0.4883 0.1823
WB 30 0.3764 0.318
HR 30 £.937 0.0002
T 31 (1.8628 0.0023
MO 39 0.9197 0.0004
FSR 49 0.8179 0.0071
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Figure 1. Corn seed & planter dust images

gure 1. Seed treatments are applied to seeds as flowable solids that dry to form a coating. In corn, this coating
results in visibly patchy coverage of the seed (a). The seed treatment forms particles of varying size on the surface of
the seed as captured using scanning electron microscopy (SEM) (b). The striated surface visible in the center of the
micrograph is the seed surface. Particles of the seed treatment coating are then emitted as planter dust during the
sowing process (¢). Macrophotography was performed by M. Spring. and SEM preparation by K. Kaszas.
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Figure 2. Associations between honey bee worker mortality, clothianidin and thiamethoxam residues in bee-
collected pollen, and corn-planting. (a) Honey bee worker mortality (per hive) during planting and non-planting
periods. Dashed line represents the hypothetical value as if mortality is consistent across sampling periods. (b)
Concentrations of clothianidin and thiamethoxam detected in pollen samples (per site) collected during planting and

non-planting periods. (c) Honey bee mortality (site average)
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Figure 3. Summed clothianidin and thiamethoxam concentrations in bee bread and trapped
corbicular pollen before, during, and after corn planting.
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Figure 4. Number of deadworkers and clothianidin and thiamethoxam concentration

(ng/g) in enclosed colonies.
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Figure 5: Study apiaries distributed throughout central Chio. Map of apiaries used in 2014
(vellow]), 2015 (blue) and both years (green). Central Ohio landscapes are characterized by
field crops (brown) with urban areas (pink and red), forest (green) and pastures (yellow)
in the National Landcover Database map (Homer et al. 2015).
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